ABSTRACT: This study aimed to assess the use of very long-chain fatty acids (VLCFA) as an alternative or a complement to n-alkane markers for estimation of diet composition of goats fed 7 different diets, composed of different proportions of herbaceous (Lolium perenne and Trifolium repens) and heathland woody species (Erica umbellata, Erica cinerea, Calluna vulgaris, Erica arborea, and Ulex gallii), in a metabolism study. Diet composition was estimated from VLCFA (i.e., C 22 to C 34 ) and alkane (i.e., C 25 to C 33 ) concentrations in diet and feces, by least squares procedures. For all plant species VLCFA concentrations were greater than their alkane concentrations, especially for the herbaceous species and U. gallii. In general, fecal recovery of both markers was incomplete and increased in a curvilinear (P < 0.001) fashion with carbon-chain length. The plants comprising the diets had a significant effect (P < 0.001) on fecal recovery of VLCFA and alkanes. Diet composition estimates based on VLCFA alone were less accurate (P = 0.013) than those obtained using alkanes alone. Combination of VLCFA and alkane data resulted in the most accurate (P < 0.05) estimates, indicating an increase on the discriminatory power among plant species. Use of uncorrected fecal marker concentrations provided the poorest estimates of diet composition, and use of individual recovery data and mean fecal recovery data of the dietary treatment yielded the most accurate ones. Results obtained in this study show that VLCFA have potential to be used as diet composition markers along with alkanes.
INTRODUCTION
Understanding grazing behavior, especially diet selection, of different animal species under diverse vegetation conditions is essential to develop an appropriate grazing system for each specific situation to have a more efficient and sustainable utilization of the existing vegetation. Plant wax components, especially alkanes, have been used as markers to estimate diet composition, in terms of plant species, plant parts, or both, in indoor trials under controlled conditions (Brosh et al., 2003; Valiente et al., 2003; Ferreira et al., 2005) . However, 4 major limitations of using n-alkane markers to estimate diet composition are that 1) the number of diet components that can be discriminated is limited to 9; 2) when plant alkane concentrations are very low, measurement errors can become excessive (Dove and Mayes, 2006) ; 3) similar n-alkane patterns reduce the ability to discriminate between plant species; and 4) plant species with very distinct total n-alkane concentrations can result in less accurate estimates of diet composition. To overcome these limitations, other plant wax compounds, such as very long-chain fatty acids (VLCFA, Ali et al., 2004) and long-chain fatty alcohols (LCOH, Kelman et al., 2003; Ali et al., 2004; Bugalho et al., 2004) have been suggested as a complement or as an alternative to alkane markers. Very long-chain fatty acids and LCOH have the advantage over any other possible markers because their separation and quantification can be an exAssessment of very long-chain fatty acids as complementary or alternative natural fecal markers to n-alkanes for estimating diet composition of goats feeding on mixed diets tension of the alkane procedure, not adding much more analytical work (Ali et al., 2004) . It should be noted that the number of alkanes available for use as markers depends upon the situation. For example, leaves of some temperate tree species have relatively abundant concentrations of C 21 to C 25 alkanes, and some conifers and grasses have C 35 and C 37 n-alkanes in concentrations that make them particularly useful as markers. The objective of the present work was to assess utilization of VLCFA as an alternative or a complement to n-alkane markers on estimation of diet composition of goats fed on different proportions of browse and herb feeds. In addition, different approaches to the correction for incomplete alkane and VLCFA recovery in feces were compared in the accuracy of such estimations.
MATERIALS AND METHODS
The experiment was carried out in accordance with the European Council Directive 86/609/ECC for the protection of animals used for experimental and other scientific purposes.
Experimental Site and Design
This study was conducted at the Carbayal Research Station, situated at 900 to 1,000 m above sea level, at San Isidro's Mountain, Asturias, Spain (6° 53′ W, 43° 21′ N), where the vegetation consists of natural shrubland of heather-gorse communities (Calluno-Ulicetea) interspersed with areas of improved pastures of perennial ryegrass (Lolium perenne) and white clover (Trifolium repens) . The natural vegetation is dominated by short heather species (Erica umbellata, Erica cinerea, and Calluna vulgaris), tall heather (Erica arborea and Erica australis), and gorse (Ulex gallii), a thorny and woody legume.
Seven experimental diets were offered to 7 different groups of 4 nonlactating goats, housed individually in metabolism cages. The experimental diets were distributed in three 11-d periods carried out in May (2 trials), July (2 trials), and October (3 trials) 2003 to use green shoots of the main plant species in the current season. Diet composition reflected changes in the vegetation availability during the grazing season (May to October) and the grazing behavior of goats on these vegetation conditions observed in previous studies .
Each period consisted of a 7-d period for adaptation of the animals to the diets and experimental conditions, followed by a 4-d period of collection of samples of feces and diet components. Animals were housed in individual metabolic crates to allow total collection of feces. Freshly cut vegetation samples (L. perenne, T. repens, and green shoots of the woody species) were harvested from random sites within the experimental field and were offered twice a day (0900 and 1800 h) in equal proportions to animals. No refusals were allowed because botanical separation of diet components in refusals would be very difficult to accomplish. One representative sample of a complete 2-d period was collected every 2 d, and a daily sample of each diet component was collected before the morning meal.
Animals and Diets
In May, 8 crossbred goats (Cashmere × local Bermeja) were randomly distributed in 2 groups of 4 animals: G1 (24 ± 1.4 kg of BW) and G2 (22 ± 1.1 kg of BW). The G1 animals received a diet composed of L. perenne (71%) and U. gallii (29%), and G2 animals were fed on L. perenne (71%) and heather (29%). During this period goats were offered a daily total amount of 1.0 kg of DM/100 kg of BW.
In July, 8 crossbred goats (Cashmere × local Bermeja) were divided in 2 groups of 4 animals: G3 (26 ± 1.5 kg of BW) and G4 (29 ± 1.0 kg of BW), and received a daily total amount of 0.8 kg of DM/100 kg of BW. The G3 animals received a diet composed of L. perenne leaf/ stem (28%), L. perenne spikes (12%), heather (30%), and U. gallii (30%). The G4 diet included L. perenne leaf/stem (39%), T. repens (30%), and heather (31%).
In October, 12 crossbred goats (Cashmere × local Bermeja) were used, divided in 3 groups of 4 animals: G5 (28 ± 1.8 kg of BW), G6 (25 ± 0.7 kg of BW), and G7 (22 ± 0.7 kg of BW). These goats received a daily total amount of 0.8 kg of DM/100 kg of BW. The G5 diet was composed of meadow hay (40%), heather (30%), and U. gallii (30%); the G6 diet included meadow hay (40%), heather (30%), and Erica arborea (30%); G7 was composed of meadow hay (40%), E. arborea (30%), and U. gallii (30%). The main plant species present in meadow hay were L. perenne and T. repens.
Botanical composition of the vegetation component called heather represents field proportion of different plant species of shrubland, namely E. umbellata (85%), Erica cinerea (11%), and C. vulgaris (4%), at each period. Erica arborea (tall heather) was included in the diets of the goats in October as Osoro et al. (2003) observed that in this period E. arborea is selected by goats. This plant species was included in the diet calculations as a different component due to its different n-alkane pattern relative to other heathers (Oliván et al., 2007) . Erica umbellata, E. cinerea, and C. vulgaris were maintained as a sole botanical group to test if the VLCFA could discriminate the main shrubland group (heather) from a unique sample of heterogeneous composition collected in field.
Chemical Analysis
Samples of diet components and feces were immediately dried on the day of collection, using a forcedair oven at 60°C for 72 h, for DM determination. The samples for alkane analyses were immediately frozen at -20°C and then freeze-dried and milled through a 1-mm screen. After alkane analysis (Ferreira et al., 2005) , all samples were stored in plastic containers in a vacuum.
Very long-chain fatty acids as diet markers Before VLCFA analysis, samples of the diet components of each period and feces of each animal of each period were composited, resulting in 1 sample per diet component and per animal.
VLCFA Analysis
The VLCFA concentrations of diet components and feces were analyzed in duplicate according to the methods of Dove and Mayes (2006) . Briefly, the first stage involved treating 0.2 g of feces or 0.5 g of vegetation components for 16 h with 3 or 4 mL of 1 M ethanolic KOH at 90°C, respectively, in a dry-block heater (Techne DB-3, Techne Ltd., Duxford, Cambridge, UK). Afterwards, a hot extraction was performed with heptane and water at 60°C to remove hydrocarbons (including alkanes) and LCOH. After the extraction, the aqueous residue was acidified with 1.5 mL of 5.8 M HCl and extracted with heptane/diethyl ether (50:50, vol/vol). To purify the VLCFA extract, 2 mL of heptane was added and 0.5 mL of the extract was passed through a silica-gel column (Alltech Associates, Deerfield, IL). The silica-gel column was washed with heptane-ethyl acetate (92:8, vol/vol) and the elution of VLCFA was accomplished with the addition of heptane/ethyl acetate (70:30, vol/vol) . Samples eluted from the columns were evaporated to dryness. To convert the VLCFA to their methyl esters, 1 mL of toluene and 2 mL of methanol, previously acidified with sulfuric acid, were added to the dried elute and kept at 50°C overnight. After cooling, 2 mL of an aqueous solution of 0.5 M K 2 CO 3 and 2 mL of heptane were added, and the top organic layer was removed and evaporated to dryness. Fatty acid methyl esters extract was redissolved with 0.2 mL of heptane for chromatographic analysis.
Analysis of the VLCFA (C 22 -C 34 ) was carried out by gas chromatography-mass spectrometry (GC-MS) using an Agilent 6890 N (Agilent Technologies, Santa Clara, CA) gas chromatograph equipped with a 5973N MS and an Agilent 7683 automatic liquid sampler injector. The target analytes were separated using a DB-1 capillary column (30 m × 0.25 mm with 0.25-μm film thickness, Agilent Technologies). Injection volume was 1 μL (splitless, 0.5 min), and the injector temperature was 280°C. The column was maintained at 170°C for 4 min after injection, ramped at 30°C/min up to 215°C, 1 min hold, and then ramped at 6°C/min up to 300°C, where it was held for 20 min. Helium was used as the carrier gas at 34 cm/s average linear velocity. Mass spectra were acquired in electron impact mode at 70 eV, using full scan with a scan range of 40 to 800 atomic mass units. All chromatographic analyses were carried out in duplicate for each extract, and a mixed standard was run every 7 sample vials to enable corrections for variation in detector response, as suggested by Dove and Mayes (2006) . Very long-chain fatty acids concentrations were quantified relative to known amounts of the internal standard C 31 (Sigma-Aldrich Corp., St. Louis, MO) added at the beginning of the extraction procedure. Except for the C22-VLCFA, total ion count was used to obtain quantitative information to determine VLCFA concentrations in the plant and feces samples. To eliminate the interference of a coeluting compound, the m/z 354 ion was used for C 22 -VLCFA quantification.
Calculations
Fecal recovery of each marker (i.e., VLCFA and alkanes) was calculated for each animal as the proportion of marker consumed in the diet which was recovered in feces. Individual diet composition estimates were obtained using an optimization procedure which minimizes the sum of squared discrepancies between actual VLCFA, alkane, and VLCFA + alkane proportions in feces (adjusted or not for incomplete fecal recoveries) and estimated proportions (different combinations of diet components) according to Salt et al. (1994;  i.e., based upon the individual marker concentrations expressed as proportions of the total). Estimates were based on VLCFA alone (C 22 to C 34 ), alkanes alone (C 25 to C 33 ), or a combination of VLCFA with alkanes. As VLCFA concentrations were much greater than those of alkanes, diet composition calculations used VLCFA and alkane concentrations expressed as proportions of their respective sums.
For these 3 methodologies, different VLCFA, and alkane fecal recovery corrections were applied, being 1) VLCFA and alkane fecal concentrations without any correction for incomplete fecal recovery (FRC0); 2) VLCFA and alkane fecal concentrations corrected using recovery data for each individual goat (FRC1); 3) VLCFA and alkane fecal concentrations corrected using mean recovery rate of the dietary treatment that the animal belonged to (FRC2); and 4) VLCFA and alkane fecal concentrations corrected using mean recovery rate across all experimental diets (FRC3).
Apparent in vivo DM digestibility (DMD) was calculated from total fecal collection using the equation
where I is the total DM intake and F is the total DM fecal output.
Statistical Analysis
Statistical analyses were performed using GenStat (USN International, Herfordshire, UK). Differences between plant species in VLCFA, alkane, and VLCFA+alkane profiles were explored using principal components analysis (PCA). Effects of diet composition and carbon chain length on recovery of each VL-CFA and alkane in feces was examined by ANOVA within each period. Orthogonal contrasts were applied to determine linear and quadratic effects of carbon chain length and its interaction with diet composition effect.
To assess the accuracy of diet composition estimates as a whole, overlap in diet composition between known values and those estimated using different sets of AFR was calculated by the Kulczynski similarity index (KSI; Krebs, 1989) 
RESULTS

VLCFA Profiles of the Plant Species
The VLCFA and alkane profiles of plant species used in this study are given in Table 1 . For all plant species, total VLCFA concentrations (sum of the concentration of the saturated straight-chain fatty acids with chain lengths ranging from C 22 to C 34 , with the exception of C 31 ) were greater (P < 0.01) than the alkanes (C 25 to C 33 ), with T. repens presenting the greatest total VLCFA concentration (3,977 mg/kg of DM) and L. perenne spike fraction the least one with 1,259 mg/kg of DM. The VLCFA with even-chain length predominated over odd-chain (P < 0.001) in all diet components, accounting for more than 75% of total VLCFA concentration, ranging between 79% (U. gallii) and 93% (heather used in May and July).
In general, shorter VLCFA had the greatest individual concentrations. Greater concentrations in longer VLCFA were detected in T. repens (C 28 ) and E. arborea (C 30 ). The C 33 -VLCFA was absent in all plant species across the grazing season. Besides differences among plant species in the VLCFA profiles, data also showed differences between plant parts. The leaf/stem fraction had less concentrations of VLCFA with a carbon-chain length <25 carbon atoms than the spike fraction, except for C 23 . In contrast, the leaf/stem fraction had greater concentrations of VLCFA with a carbon-chain length >25 carbon atoms.
Principal component analysis was carried out to assess differences in VLCFA and n-alkane or both profiles among plant species included in diet composition calculations in each period. The first 2 principal components explained 100% of the variance among plant species used in May regardless of the marker profiles used, VL-CFA (Figure 1a ), alkanes (Figure 1b ), or combinations of both markers (Figure 1c) , with a clear discrimination between the 3 diet components. In July, 94, 97, and 81% of the variance between diet components was explained by the first 2 principal components when data on VLCFA, alkanes, and VLCFA combined with alkanes were used, respectively. Lolium perenne leaf/stem fraction and U. gallii seemed to have some similarities in alkane and VLCFA profiles as they were allocated close to each other. It should be noted that heather was clearly discriminated from the other 4 diet components using any of the marker data. Nevertheless, T. repens and L. perenne spike seemed to be better discriminated when using VLCFA and alkane data, respectively. In the third period, similar variance between all 4 diet components was explained by the first 2 principal components when data on VLCFA (95%), alkanes (85%), and VLCFA+alkanes (89%) was used.
VLCFA and Alkane Fecal Recovery
The VLCFA and alkane fecal recoveries for each experimental group are given in Tables 2 and 3 , respectively, and indicated that fecal recovery of these markers was incomplete. The mean CV of fecal recovery within diets was similar for VLCFA (20.9%) and alkanes (19.7%). However, for VLCFA a greater variation was observed in odd-chain (24.8%) than in even-chain VLCFA (18.4%), and in contrast, a greater variation was observed in even-chain alkanes (20.8%) than in odd-chain ones (18.8%).
Comparison of recovery data of alkanes and VLCFA with equal carbon-chain length showed a tendency for numerically greater fecal recoveries of alkanes when considering markers with a carbon-chain length ≥29 carbon atoms, except for C 29 in G5 and C 30 in G1. In contrast, there was no clear superiority in fecal recovery of any markers when considering carbon-chain length <29 carbon atoms.
For all experimental diets, fecal recovery of both markers increased (P < 0.05) with carbon chain length, except (P > 0.10) for odd-chain VLCFA in July where fecal recovery varied from an average minimum of 0.52 and an average maximum of 0.59. It should be noted that the fecal recoveries of VLCFA C 32 and C 34 were unexpectedly low for diets G5 (0.65 and 0.45, respectively) and G7 (0.64 for both markers). For the VLCFA, linear and quadratic terms were highly significant when considering all VLCFA data (P < 0.001), the odd chain (P = 0.008), or only the even chain (P < 0.001), indicating a curvilinear relationship between carbon chain length of these markers and their fecal recovery (Table  4) . Results also showed that fecal recovery of VLCFA with odd-chain length was less than those observed for the adjacent even-chain ones.
The relationship between alkane carbon-chain length and fecal recovery was not clear (Tables 3 and 5 ). In fact, separate analysis of odd-and even-chain alkanes indicated that fecal recovery of the odd chain tended to increase in a curvilinear fashion (P < 0.001, y = −0.123 + 0.032 × x − 0.003 × x 2 ; R 2 adjusted = 0.280), whereas fecal recovery of the even-chain was best described by Very long-chain fatty acids as diet markers The fecal recoveries of VLCFA (Table 2 ) and alkanes (Table 3 ) differed (P < 0.001) between dietary groups. As for alkane markers, a possible association between diet digestibility and the fecal recovery of VLCFA was investigated (data not shown). A significant (P < 0.001) increase of fecal recovery with decrease of diet digestibility was observed for VLCFA C 27 (P = 0.007; r = −0.515), C 28 (P = 0.020; r = −0.454), C 29 (P < 0.001; r = −0.738), and C 30 (P < 0.001; r = −0.636). An opposite trend was observed for VLCFA C 34 with its fecal recovery increasing with increase of the diet digestibility (P < 0.001; r = 0.689). However, this could be the result of unexpected reduced fecal recoveries of this VLCFA in diets G5 and G7.
Results showed an interaction (P < 0.001) between diet composition and chain length on the fecal recovery of both markers. For alkanes, quadratic term was Diets: G1 = Lolium perenne (71%) and Ulex gallii (29%); G2 = L. perenne (71%) and heather (29%); G3 = L. perenne leaf/stem (28%), L. perenne spike (12%), heather (30%), and U. gallii (30%); G4 = L. perenne leaf/stem (39%), Trifolium repens (30%), and heather (31%); G5 = meadow hay (40%), heather (30%), and U. gallii (30%); G6 = meadow hay (40%), heather (30%), and Erica arborea (30%); G7 = meadow hay (40%), E. arborea (30%), and U. gallii (30%). Very long-chain fatty acids as diet markers significant when considering all data (P = 0.003), only odd chain (P = 0.012), and only even chain (P < 0.001). For VLCFA, the linear term was highly significant (P < 0.001) in all situations and the quadratic term only occurred (P < 0.001) when considering all VLCFA or only the even-chain ones.
Diet Composition Estimates
Diet composition estimates obtained for each experimental group based on VLCFA alone, alkanes alone, and the combination of both markers are summarized in Tables 6, 7 , and 8 for May, June, and July, respectively. The use of different FRC had a significant effect (P < 0.001) on the estimated proportions of diet components. The poorest diet composition estimates were obtained when using uncorrected fecal concentrations of markers (FRC0), with KSI values ranging from 60 (G3 and G4 experimental diets) to 99 (G2 diet), except in G2 (VLCFA + alkanes), G4 (VLCFA + alkanes), and G6 (VLCFA, alkanes, and VLCFA + alkanes), where FRC3 led to worse diet composition estimates. In May, the use of FRC0 in VLCFA fecal concentrations led to overestimation of L. perenne and underestimation of the woody species in both experimental diets (Table 6 ).
In contrast, diet composition estimates obtained using FRC0 in alkanes tended to underestimate L. perenne and overestimate heather and U. gallii. Although in G1 U. gallii tended to be underestimated when diet composition was estimated using FRC0 of both markers (VLCFA + alkanes), the same option resulted in accurate estimates in G2 (KSI index of 99).
In July (Table 7) , use of FRC0 of both markers and their combination resulted in an overestimation of proportions of the woody species, especially U. gallii, and of L. perenne in G4 (using alkanes alone). In general, meadow hay and E. arborea were the vegetation components overestimated due to the lack of recovery corrections (FRC0) applied to markers in October (Table 8) .
When recovery corrections were based on individual data (FRC1), differences between measured and estimated proportions of plant species were close to 0 (KSI index of 100). Results showed that accurate estimates of diet composition were also obtained when mean recovery data of dietary treatment (FRC2) were used for both markers, with KSI indexes between 87 (VLCFA in G4) and 100 (VLCFA + alkanes in G2 and G7).
Accuracy of diet composition estimates obtained using mean recovery data of all dietary treatments (FRC3) was more variable. In May, estimates of diet composition obtained using FRC3 were quite accurate with a Diets: G1 = Lolium perenne (71%) and Ulex gallii (29%); G2 = L. perenne (71%) and heather (29%); G3 = L. perenne leaf/stem (28%), L. perenne spike (12%), heather (30%), and U. gallii (30%); G4 = L. perenne leaf/stem (39%), Trifolium repens (30%), and heather (31%); G5 = meadow hay (40%), heather (30%), and U. gallii (30%); G6 = meadow hay (40%), heather (30%), and E. arborea (30%); G7 = meadow hay (40%), Erica arborea (30%), and U. gallii (30%). mean KSI index of 94. However, the increase of number of possible diet components to 4 and 5 in October and July, respectively, led to a decrease in mean KSI values to 86 and 76, respectively. The use of different marker data (VLCFA, alkanes, or VLCFA + alkanes) had a significant effect (P < 0.001) on the accuracy (assessed by the KSI values) of the estimated proportions of diet components. Diet composition was less (P = 0.013) accurately estimated when based on VLCFA data than using alkane data, with mean KSI values of 88 and 91, respectively. Nevertheless, combination of VLCFA and alkane data resulted in a significant improvement of the accuracy of the estimates of diet using either types of recovery correction, with a mean KSI value of 94, when compared with estimates obtained using only VLCFA (P < 0.001) or alkane (P = 0.036) data.
DISCUSSION
Markers Profiles of the Plant Species
Although first studies on long-chain fatty acid markers were performed in the 1970s (Body and Hansen, 1978) , very limited information is available on the profile of these wax compounds in different plant species. In the present study, the predominant long-chain fatty acids in plants and feces (i.e., C 12 to C 20 ) were not determined because they are not suitable for diet composition estimation. The C 22 to C 34 VLCFA were selected as potential markers because they are associated with plant epicuticular waxes and present high fecal recoveries in this range of carbon-chain length (Dove and Mayes, 2005) .
As observed in more recent studies performed by Ali et al. (2005a) in various plant species found in natural rangelands of Sudan, VLCFA concentrations were greater than those observed for the n-alkanes, especially for the herbaceous species (i.e., L. perenne leaf/stem fraction and T. repens) and U. gallii. In fact, the total VLCFA concentrations of these plant species were on average 4 (L. perenne leaf/stem fraction and U. gallii) and 8 (T. repens) times greater than their total alkane concentrations. In these plant species, the majority of even-chain VLCFA had concentrations greater than 100 mg/kg of DM, whereas only alkanes C 29 and C 31 exceeded 100 mg/kg of DM. The reduced concentrations in alkanes presented by herbaceous species and U. gallii can limit their usefulness as diet composition markers when these plant species are part of the diet of an animal because their less accurate analytical measurement (Brosh et al., 2003; Dove and Mayes, 2005) could bias diet composition estimation. Charmley and Dove (2007) reported difficulties in obtaining accurate estimates of diet composition and feed intake using alkane markers in diets containing large proportions of Phalaris aquatic (i.e., a plant species characterized by very low concentrations of cuticular wax alkanes). The authors overcome these difficulties using LCOH as an alternative to the alkane markers (Dove and Charmley, 2008) . Similarly, Dove and Mayes (2006) suggested that alkanes would not be appropriate markers in studies in- 1 FRC = fecal recovery correction: FRC0 = VLCFA and alkane fecal concentrations without correction for incomplete fecal recovery; FRC1 = VLCFA and alkane fecal concentrations using recovery data of each individual animal; FRC2 = VLCFA and alkane fecal concentrations using mean recovery data of the dietary treatment that the animal belonged to; FRC3 = VLCFA and alkane fecal concentrations using mean recovery data of all dietary treatment.
2 G1 = Lolium perenne (71%) and Ulex gallii (29%). 3 G2 = L. perenne (71%) and heather (29%). 4 KSI = Kulczynski similarity index. 1 FRC = fecal recovery correction: FRC0 = VLCFA and alkane fecal concentrations without correction for incomplete fecal recovery; FRC1 = VLCFA and alkane fecal concentrations using recovery data of each individual animal; FRC2 = VLCFA and alkane fecal concentrations using mean recovery data of the dietary treatment that the animal belonged to; FRC3 = VLCFA and alkane fecal concentrations using mean recovery data of all dietary treatment.
2 G5 = meadow hay (40%), heather (30%), and Ulex gallii (30%).
3 G6 = meadow hay (40%), heather (30%), and Erica arborea (30%).
4 G7 = meadow hay (40%), E. arborea (30%), and U. gallii (30%).
5 KSI = Kulczynski similarity index.
Very long-chain fatty acids as diet markers volving conifers as Picea and Pinus for the same reason (i.e., very low alkane concentration). The VLCFA with even-chain length predominated over the odd-chain ones in all diet components, which is in contrast with the prevalence of the odd-chain in alkane fraction (i.e., more than 85% of the total alkane concentration). Although there may be no available data on odd-chain VLCFA, Dove and Mayes (2006) indicated dominance of even chain on VLCFA fraction.
Large differences among plant species in VLCFA and alkane profiles were observed within each period, highlighting the possible efficiency of these wax compounds as diet composition markers. A wide variation of concentration patterns among plant species is considered by Dove and Mayes (2006) to be a fundamental attribute of any chemical compound to be considered as a potential diet composition marker. In May and October, all diet components were clearly separated from each other, indicating that their discrimination in a mixture (e.g., feces) would not be difficult when using both markers. In contrast, 3 plant species had similar VLCFA (i.e., L. perenne leaf/stem and spike fractions and U. gallii) and alkane (i.e., L. perenne leaf/stem fraction, T. repens, and U. gallii) profiles. These PCA results indicate that identification of T. repens and L. perenne spike in a mixture containing these plant species would be more efficient if VLCFA and alkanes are used, respectively, or combining both markers. Dove and Mayes (2005) also reported very distinct LCOH profiles between T. repens and L. perenne. As suggested by Ali et al. (2005b) , there were plant species with similar profiles in one type of marker and different ones for another type of marker. However, it should be noticed that PCA only assess differences in marker profiles among plant species, and not how these profiles behave when a minimization algorithm is applied to estimate diet composition .
Comparison of the leaf/stem and spike fractions of L. perenne showed the existence of different alkane profiles between plant parts, mainly as greater concentrations of shorter-chain alkanes in the reproductive tissue. Similar trends were also observed by Dove et al. (1996) . Although similar differences would be expected for VL-CFA markers, PCA results showed a resemblance in the VLCFA profiles of leaf/stem and spike fraction of L. perenne. Further research is needed to investigate if variation in the marker profiles between plant parts are exclusive to alkanes.
Markers Fecal Recovery
Results showed an incomplete recovery of VLCFA and alkanes in feces as observed in previous studies (Ali et al., 2004; Dove and Mayes, 2006; Ferreira et al., 2007a,c) . The comparison of recovery data of both markers indicates a similar fecal recovery in the shorter carbon-chain markers (i.e., <29 carbon atoms) and a greater disappearance of VLCFA when considering the longer-chain ones (i.e., ≥29 carbon atoms). It should be noted that this comparison could be compromised by different levels of accuracy on the estimation of fecal recovery of VLCFA and alkanes with equal carbon-chain length. A decreased variation (i.e., expressed as CV) of fecal recovery within diets was observed in odd-chain alkanes and in even-chain VLCFA, those having the greatest concentrations. Although little is known about the fate of VLCFA in the digestive tract of animals, it is generally accepted that the main site of disappearance of alkanes occurs in the small intestine (Mayes et al., 1988) . Keli et al. (2008) demonstrated the inability of rumen bacteria to synthesize or metabolize alkanes in vitro and rejected the possibility raised by Ohajuruka and Palmquist (1991) that alkane loss was essentially in the rumen.
Our results showed a similar positive association between carbon-chain length and fecal recovery of VL-CFA and alkanes. With the exception of even-chain alkanes, this relationship seemed to be better described by curvilinear functions. This trend is consistent with previous studies conducted with alkanes (Charmley and Dove, 2007; Elwert et al., 2008; Ferreira et al., 2008) and VLCFA (Ali et al., 2004) and indicate that differences in fecal recovery of markers with adjacent carbon-chain length tended to decrease with increasing carbon-chain length. This is valuable information if VLCFA are considered in the future as potential markers for feed intake estimation in alternative to alkanes using the same principle. In fact, the concurrent use of 2 VLCFA of adjacent chain length (i.e., a dietary natural even chain and a dosed synthetic odd chain) could provide unbiased estimates of feed intake. This alternative approach should be considered in situations like those mentioned previously [i.e., Phalaris aquatica (Dove and Charmley, 2008) and Picea and Pinus (Dove and Mayes, 2006) ], where longer chain alkanes have very low concentrations.
Composition of the diets used in the current study intended to reflect the change of the vegetation availability during the grazing season (May to October) and the grazing behavior of goats on these vegetation conditions observed in previous studies . Although some plant species were used in the different periods (L. perenne and U. gallii) in different stages of maturity (in terms of proportion of dead/alive material or leaf/stem plant parts), diets were considered to be different, and the evaluation of diet composition effect on fecal recovery of markers was carried out using all data.
Diet composition effect on the fecal recovery of markers is not a universal finding, possibly because this effect will depend on the particular species comprising the diets (Ferreira et al., 2007c) . Although a possible diet composition effect has been suggested (Charmley and Dove, 2007; Ferreira et al., 2007a) , other studies did not identify any systematic influence of diet composition on fecal recovery (Brosh et al., 2003; Elwert et al., 2004; Dove and Charmley, 2008) . Diet digestibility could explain some of the effects of diet composition in the fecal alkane recovery (i.e., increase of digestibility led to a decrease in fecal recovery of alkanes). Although the same was expectable for the VLCFA markers, diet effect only occurred in the C 27 to C 30 VLCFA.
Diet Composition Estimates
Utilization of n-alkanes as markers for estimating diet composition faces several important constraints that could limit its application. The major constraint associated with the application of alkanes as internal markers is the number of components (e.g., plant species, plant parts, or both) that can be discriminated in the diet, which is limited to the number of n-alkane markers available (Dove and Mayes, 1991) . Moreover, the increase of the number of diet components will likely compromise the accuracy of diet composition estimates because there is an increasing likelihood that different combinations of 2 or more components have similar alkane patterns. Grouping plant species with indistinguishable alkane profiles (Martins et al., 2002; Ferreira et al., 2007b) or eliminating plant species based on preliminary information (Dove and Mayes, 2005) could overcome this constraint. However, we believe that the best option is to increase the discriminatory power among plant species combining alkanes with other markers. However, Bugalho et al. (2004) suggested that the combination of n-alkanes with other marker compounds would only be beneficial if such an action resulted in additional discriminatory information being obtained. Our results showed that the most accurate estimates of diet composition were obtained combining VLCFA and alkane data, indicating that their combination provided a more specific fingerprint of each diet component, increasing the discriminatory power between plant species. This is also important in situations where the number of plant species to be discriminated is not high but the similarity in their alkane profile makes their discrimination a difficult task ). An improvement of the accuracy of diet composition estimates was also observed when combining alkanes with other wax compounds such as alkenes (Dove and Oliván, 2006) , LCOH (Kelman et al., 2003; Dove and Charmley, 2008) , and alkanes + VLCFA + LCOH (Ali et al., 2005a) , than using alkanes alone.
Another important constraint is the very low marker concentrations in some plant species found in the current study (i.e., herbage species and U. gallii) and elsewhere (e.g., Phalaris aquatica; Charmley and Dove, 2007) . In these situations, other types of markers (e.g., VLCFA or LCOH) should be considered as an alternative to the alkanes. Our results showed that the accuracy of estimates of diet composition was greater when using alkanes (mean KSI 91) than VLCFA (mean KSI 88). Ali et al. (2005a) reported that estimation using VL-CFA was less accurate than alkanes, when comparing the ability of LCOH, VLCFA, and alkanes to estimate diet composition of sheep. According to these authors, the reduced accuracy observed for the VLCFA markers could be due to a less robust method for their quantification with the VLCFA extract containing various impurities. In the present study, we did not find any major interfering peaks in the gas chromatograms between C 22 and C 34 VLCFA peaks. It should be pointed out that Ali et al. (2005a) used a gas chromatograph fitted with a flame ionization detector to quantify VLCFA, and thus, peak contamination is likely to be more of a problem than observed in the present study. Very long fatty acid peaks were well resolved in the chromatogram. Mass spectral information allowed compound identification as well as peak purity confirmation. Only C 22 showed a small (less than 1% peak area) interference co-eluting at the peak beginning. The co-eluting compound was tentatively identified as bis(2-ethylhexyl)phthalate, a phthalate that is widely used as a plasticizer in the manufacturing of articles made of PVC. This compound has no fragment ion with m/z 354, which is the molecular ion of C 22 and was used for its quantification. Although all plant species showed qualitatively similar GC-MS chromatograms, heather chromatograms had several additional peaks, but not co-eluting with the VLCFA. However, some of these additional peaks have similar peak size to the odd-numbered carbon chain LFCA (i.e., C 23 , C 25 , C 27 , C 29 ) and C 30 , and elute near them, which can complicate gas chromatography-flame ionization detector (GC-FID) analysis for these compounds. Gas chromatography-mass spectrometry chromatograms for the fecal samples also showed a few additional peaks eluting near C 23 , C 25 , and C 27 , and with similar or larger peak size, making difficult the GC-FID analysis for these VLCFA. In the same way, GC-MS chromatograms for fecal samples (as exemplified in Figure 2b) had some additional peaks eluting near C 23 , C 25 and C 27 , of similar or larger peak size, which may affect the quantification of these fatty acids.
As expected, for all markers (i.e., VLCFA, alkanes, and VLCFA + alkanes) the use of FRC0 led to poorer estimates of diet composition, tending, in general, for the plant species with a predominance of longer-chain markers with the greatest fecal recoveries to be overestimated. Thus, as also suggested elsewhere for alkanes (Brosh et al., 2003; Elwert et al., 2004 Elwert et al., , 2008 , VLCFA (Ali et al., 2004) , and LCOH (Ali et al., 2004; Dove and Charmley, 2008) , a suitable correction for incomplete fecal recovery should be applied before the application of these markers for diet composition estimation. It should be noted that in least squares procedures the obtained solution will be a balance between the effect of concentration and the bias toward the longer alkanes. Consequently, depending on the markers profiles of the plant species in each situation, recovery corrections may have a variable impact on the accuracy of diet composition estimates.
There are 2 main circumstances where recovery correction would have little impact on the accuracy of diet composition estimates: 1) marker recoveries are unaffected by the carbon-chain length, which is usually observed in nonruminant animal species (Dove and Mayes, 2005; Ferreira et al., 2007a) ; and 2) plant species in the same diet have different marker profiles, and none of them has a chain-length bias. The importance of recovery correction would also decrease if specific fingerprints of each plant species can be achieved, which would increase the ability to discriminate between plant species. The increase in the KSI values obtained combining VLCFA + alkane data compared with those obtained individually by each marker when FRC0 was used in diet composition calculations illustrates this speculation. A similar trend was observed when using fecal markers concentrations corrected using mean recovery data across all experimental diets (i.e., FRC3).
The elevated KSI values obtained using FRC1 and FRC2 point out the importance of using suitable recovery correction factors before applying VLCFA and alkanes in the estimation of diet composition. Any difference observed between the KSI values obtained for FRC1, FRC2, and FRC3 reflects how the sets of fecal recovery used deviate from the actual mean treatment fecal recoveries. It seemed that greater deviations between the general fecal recovery (i.e., FRC3) and the actual individual one (i.e., FRC1), as a result of the diet composition effect observed previously for both markers, led to a decrease of the accuracy of diet composition estimates. The utilization of a general set of fecal recovery correction obtained from metabolic cage studies can be considered as inappropriate for use with animals grazing under field conditions. However, this will depend on the variability of the relative recoveries between diets and individual animal variation. If the variation between animals consuming the same diet is greater than the diet effect, then there is little point in worrying about dietary effects on recovery because they are going to be reduced by animal individual differences. For this reason, Oliván et al. (2007) suggested 
